INTRODUCTION
The relationship between replication of turnip yellow mosaic virus (TYMV) and the disease produced by this virus in Chinese cabbage has been studied for several years (Matthews, 1973) . A characteristic feature of infected cells is the presence of abnormal membrane-bound vesicles in the chloroplasts. These vesicles fall into two classes: small vesicles commonly 50 to 80 nm in diam. located near the periphery of the chloroplasts, and larger vesicles of variable size which may be located anywhere within the chloroplast (Ushiyama & Matthews, i97o) . The small vesicles are the first detectable cytological change induced by infection (Hatta & Matthews, I974) and are almost certainly the major site of virus RNA synthesis (Lafl~che & Bov6, I968; Ushiyama & Matthews, I97o; Matthews, I973; Mouchbs, Boy6 & Boy6, T974) . The large vesicles appear in the chloroplasts at a stage when most virus synthesis within the cell is completed. The largest vesicles are visible by light microscopy and different tissue samples from the same plant may vary quite strikingly in the proportion of cells with chloroplasts showing visible vesicles (Chalcroft & Matthews, I967) .
In some cells the vesicles are so large that they fill almost the entire space of the spherical chloroplast, the structures containing chlorophyll being pushed to one side to give the 436 R.E.F. MATTHEWS AND S. SARKAR chloroplast a sickled appearance. The factors leading to the formation of these very large vesicles have not been studied. Isolated protoplasts are being used increasingly to study the replication of plant viruses (Takebe, 1975) and it has been shown that TYMV can infect and replicate in isolated Chinese cabbage protoplasts (Renaudin et al. 1975 ). In the work described here we have used protoplasts isolated from plants already infected with TYMV to study the factors that influence the formation of the large 'lesicles in chloroplasts of infected cells. We have found that vesicle formation in diseased protoplasts is brought about by active photosynthesis. No such vesicles have been observed in healthy cells.
METHODS

Plants and virus. Chinese cabbage plants (Brassica pekinensis
Rupr. cv Wong Bok) were grown in pots in a glasshouse supplemented with artificial light for io h/day (9 p.m. to 7 a.m.) with Philips high pressure mercury vapour lamps (HPL-RN 4oo W) giving 4o00 to 45oo lux at the plant surface. Full sunlight in the glasshouse used reached about 6oooo lux. The Cambridge culture of TYMV maintained in Auckland was used. 'Palegreen', 'yellowgreen' and 'white' isolates were derived from this stock culture as previously described (Chalcroft & Matthews, 1967) . Plants were inoculated on three or four leaves using Carborundum with a diluted extract of infected,leaf. Equivalent healthy leaves were rubbed with water.
Chemicals and enzymes. Macerozyme and cellulase were from Kinki Yakult Co., Japan, and 3-(3,4,-dichlorophenyl)-I,I-dimethylurea (DCMU) from Serva, Heidelberg. Sugars were fine biochemical grades from Serva or E. Merck, Darmstadt.
Isolation ofprotoplasts. For the experiments described here, a rapid method of isolation of protoplasts was desirable and sterility was not essential. After preliminary trials the following standard procedure was used, manipulations being carried out in a laminar air flow hood. Leaves were rinsed in distilled water and then in sterile distilled water. Six to ten half leaves were chopped with two scalpels into fine pieces in 0"4 M-mannitol in a large Petri dish. The mannitol was discarded and the chopped tissue incubated with o.i Macerozyme in o'4 M-mannitol at pH 5"8, with shaking at 25 °C for 4 ° to 50 min. The Macerozyme solution was then discarded and replaced by o'3 ~ cellulase in 0"4 M-mannitol at pH 5"2. The appearance of free protoplasts was monitored by microscopic observation. After about t h the protoplast suspension was passed through a fine filter made of nylon cloth. An increased yield of protoplasts was obtained by stirring the remaining leaf pieces on the filter with a glass rod and rinsing with mannitol. The protoplasts were then filtered through fine nylon cloth to remove cellular debris, sedimented at 300 g and washed twice with 0"4 M-mannitol. Finally, they were resuspended either in Nagata medium (the medium of Nagata & Takebe, 197I, but in 0"4 M-mannitol and without the other organic constituents) or Takebe minimal medium (the medium of Aoki & Takebe, I969, but in 0"4 M-mannitol, and without the other organic constituents) to give a suspension containing I to 4 x lO 5 protoplasts/ml.
Culture conditions. Two ml samples of the protoplast suspension were dispensed into 3"5 cm plastic Petri dishes for the experimental incubation. Dishes were sealed with Parafilm. Experiments were usually concluded after about 24 h when infection of the cultures by bacteria or fungi was negligible. Cultures were incubated at 24 °C. Standard continuous light conditions were provided by Osram L. Fluora fluorescent tubes supplemented with 25 W tungsten bulbs giving a maximum intensity of 2000 lux. When a light intensity higher than 20oo lux was required, it was provided by a single 2oo W frosted tungsten lamp. For the red and blue light experiments, two modified Prado Leitz projectors with Osram 500 W P28S bulbs and equipped with a pair of heat-absorbing filters (5"8 mm thick) provided light sources. A red filter (Schott R G 0 and a blue filter (Schott BGI2) were used. Incident energy at the surface of the culture dish measured by a combination of thermoelements connected to a direct current amplifier was equalized for the two filters by adjusting the distance from the light source and by means of Schott neutral density filters, NG. The protoplasts were held at 24 °C during the illumination.
T Y M V and chloroplast damage in light
In experiments where light intensity was varied, intensity was reduced by shading dishes with white tissue paper.
Assay of healthy and T YMV-infected protoplasts, and of sickled chloroplasts.
The condition of protoplasts and chloroplasts was determined using light microscopy ( × 2oo). Rounding and clumping of the chloroplasts was used to identify TYMV-infected protoplasts, as described by Renaudin et al. (1975) -Rounded and clumped chloroplasts appeared in substantially less than 1% of protoplasts from healthy leaves. Infected protoplasts with sickled chloroplasts were usually easily identified as most or all of the chloroplasts showed the conspicuous sickling effect (Fig. I) . However, under some experimental conditions only a small proportion of the chloroplasts in a protoplast might show sickling. If one or more chloroplasts could be seen to be sickled the protoplast was scored as sickled. A proportion of such protoplasts would be overlooked, but this did not introduce a serious source of error. Another source of ambiguity was introduced by the orientation of the clumped chloroplasts. If the plane of a single layer of clumped chloroplasts was lying in the direction of observation, then the superposition of many chloroplasts sometimes made the presence of sickling difficult or impossible to detect. In various experiments, the highest percentage of of sickled cells observed was about 9o %. Because of this orientation effect the true maximum figure was probably closer to IOO %. Duplicate dishes were assayed for each experimental determination and IOO to 2oo protoplasts were scored for each estimate of chloroplast condition.
RESULTS
Effect of light intensity on the proportion of protoplasts with sickled chloroplasts
In the experiment summarized in Fig. 2 the proportion of protoplasts with sickled chloroplasts rose rapidly between 200 to 800 lux and then more slowly up to 2000 lux. Two thousand lux was used as the standard light condition in most subsequent experiments. 
Influence of strain of TYMV and type of leaf sampled on the development of sickled chloroplasts in isolated protoplasts
In the experiment summarized in Table I , plants were inoculated with three strains of TYMV isolated from the stock culture. Protoplasts were prepared from inoculated leaves after 5 days and from systemically infected leaf tissue after 3o days.
A large proportion of the protoplasts from inoculated leaves appeared healthy at the time of isolation, but this proportion decreased substantially after zo h in the light. (From other experiments not detailed here, we know that the proportion of cells showing clumped chloroplasts in the intact leaf is rising rapidly 5 days after inoculation.) In darkness the decrease in proportion of apparently healthy protoplasts was much smaller. This is consistent with the observation of Renaudin et al. (1975) that light is necessary for the active replication of TYMV in isolated protoplasts. In protoplasts infected with the white strain the proportion of protoplasts that showed sickling of chloroplasts in the light was less than with the other strains. This difference was also observed in other experiments using inoculated leaves. The difference between pale green and yellow green strains was not a repro ducible feature.
Protoplasts from systemically infected leaves showed a high proportion of infected cells but were unsatisfactory as experimental material because there was a high background of cells with sickled chloroplasts in freshly isolated protoplasts. The three strains used here had effects on the chloroplasts in systemically infected leaves similar to those illustrated by Chalcroft & Matthews (I 967) . For the pale green strain, individual chloroplasts could be observed and scored for sickling. In protoplasts infected with the yellow green strain clumping was so marked that sickling of individual chloroplasts was often difficult to deter- * Protoplasts were isolated by the standard procedure and incubated under the standard conditions described under Methods, using Takebe minimal medium (Takebe, Otsuki & Aoki, I968) with 0"4 Mmannitol. Islands of tissue that were atypical for the strain and which were larger than about o-I cm ~ were dissected out and discarded from the systemically infected leaves before the protoplasts were prepared.
~" Presumably an uninfected cell showing rounding and clumping of chloroplasts.
mine. In protoplasts infected with the white strain the chloroplasts were in one amorphous and almost colourless mass. Thus the presence or absence of sickling could not be determined. From the experiment of Table I and others not detailed here, we concluded that the sickling phenomenon could be studied best in protoplasts isolated from inoculated leaves. Although the white strain gave a lower proportion of cells with sickled chloroplasts, this strain gave more consistent local lesions on the inoculated leaves, allowing the state of the leaf tissue to be more readily assessed at the time of sampling. Fig. 3 summarizes the results of an experiment in which the time course of appearance of sickled chloroplasts was determined in protoplasts made from inoculated leaves at various times after inoculation. The plants used had been grown together under identical conditions.
Development of sickled chloroplasts in protoplasts from inoculated leaves at various times after inoculation
The 'background' of cells showing sickling immediately upon isolation of the protoplasts was higher in the leaves that had been inoculated for longer times. There was a lag of about 4 to 7 h before an increase was detected in numbers of cells with sickling. The most rapid initial increase in numbers of sickled cells was given by the I I-day-old material. this experiment and others not detailed, we concluded that inoculated leaves harvested 8 to I6 days after inoculation were most suitable for studying the sickling phenomenon.
Effect of light intensity on the 'lag' period
In various experiments carried out with a light intensity of 2000 lux, there was a 'lag' period, usually of about 4 to 5 h, before any rise could be detected in the proportion of protoplasts showing sickled chloroplasts. The experiment summarized in Fig. 4 was designed to test whether higher light intensities would decrease the duration of this lag period.
Increasing the light intensity from 2ooo to IOOOO lux did not significantly decrease the duration of the lag period. The step in the curve for 7ooo lux and the drop for IOOOO lux at about 6 h were due to a temporary change in the appearance of the chloroplasts induced by the high light intensities which made it difficult to detect sickling at these times.
Does the lag period involve a process that is independent of light
Various studies have shown that normal chloroplasts become flattened and decrease in volume by about 15 to 2o ~ on exposure to light (Nobel, 1975) . These changes take place with a half time of about 2 to 4 min, and are completed in 2o to 3o min. The lag period of about 4 h before sickling begins to increase (Fig. 4) suggested that some process other than that causing the change in shape and decrease in volume in normal chloroplasts was involved in the initiation of sickling. However, it seemed possible that some process that is independent of light, for example diffusion of some substance out of the protoplasts, might be responsible for most of the lag period.
To test this possibility, the time course for development of sickling in protoplasts placed in the light immediately after isolation, was compared with that for protoplasts that had been held in the dark for 6"5 h before exposure to light (Fig. 5) If pre-incubation in darkness had prepared the protoplasts for a light-dependent process having the same time scale as the change in shape and volume of normal chloroplasts, then we would expect a rapid increase in the percentage of sickled cells up to the level found in the protoplasts exposed immediately to light. This did not occur. We conclude that the lag period is largely, perhaps entirely, due to some light-dependent process that is different from that causing the change in shape and volume of normal chloroplasts.
Dependence of the siekling process on continued illumination
For some processes induced by light in leaves, an initial period of illumination is sufficient, after which the process proceeds, uninfluenced by whether the leaves are held in the light or in the dark. The experiment summarized in Fig. 6 shows that the development of sickled chloroplasts stops whenever the protoplasts are placed in darkness. The data also show that sickling is a largely irreversible process. However, approx. 2o ~ of the protoptasts with sickled chloroplasts may revert to the normal diseased state when placed in the dark.
The effects shown in Fig. 5 and 6 were not due to changes in the proportion of healthy and virus-infected protoplasts. This remained constant during the experiment, all samples having 2 4 + 5 ~ of healthy cells. * Protoplasts were prepared from leaves 7 days after inoculation with a 'white' strain of TYMV. Sugars were added to give a concentration of o.I M. Protoplasts were scored after 2o to 26 h in light under standard conditions.
TYMV and chloroplast damage in light
? From Hawker (t967).
Relative efficiency of red and blue light in inducing sickling
Various experiments using the red and blue light sources described in Methods, and equalized with respect to total incident energy, showed that there was no significant difference in the efficiency of red and blue light in inducing sickling. For example in one experiment in which protoplasts were prepared from leaves that had been inoculated for 16 days, I o ~ of protoplasts showed sickling immediately after isolation. After 24 h illumination in red light 55 ~ were sickled compared with 5o ~ in blue light and I3 o/in the dark.
Effect of sugars on the sickling process
Since sickling develops in the light and not in darkness, it seemed likely that photosynthesis would be involved. Accumulation of sucrose in sugar cane leaves inhibits CO2 fixation (Hartt, I963) . Preliminary experiments showed that sucrose at o'o3 M added to the medium caused a substantial, but variable reduction in the proportion of protoplasts developing sickled chloroplasts after 24 h incubation under 2ooo lux. This effect was not due to osmotic changes since o'o3 M-sucrose was effective when the protoplasts were prepared either in o'4 M-or o'6 i-mannitol. The addition ofo'o3 M-sucrose had no observable effect on protoplasts incubated in the dark.
Sucrose inhibits the enzyme sucrose phosphatase isolated from sugar cane and other plants (Hawker, 1967) . Hawker suggested that inhibition of this enzyme by sucrose might act in vivo as a control on the rate of photosynthesis. Hawker tested a set of four sugars which inhibited sucrose phosphatase from sugar cane in vitro, arid eight which did not. We have tested these same sugars (except i-kestose and 6-kestose) for their effects on sickling in TYMV-infected protoplasts (Table 2) .
There was no correlation between the activity of these sugars in inhibiting sickling, and their activity against sucrose phosphatase from sugar cane. If we assume that the sucrose phosphatase from Chinese cabbage is similar to that from sugar cane with respect to the activity of these sugars, then the data of sucrose, glucose and fructose have been compared over a range of concentrations. No consistent difference was observed in the ability of these three sugars to suppress sickling.
Inhibition of sickling by DCMU
DCMU is considered to be a specific inhibitor of electron transport, acting at an early step in photosystem II (Avron, I97I) . In isolated chloroplasts 5 x io -8 to 2o -7 M-DCMU gives 5o ~o inhibition of electron transport. For intact algal cells the concentration is five times higher (lzawa & Good, I97z) . Preliminary trials showed that DCMU was a potent inhibitor of the sickling process. Fig. 7 summarizes an experiment in which the concentration of DCMU for 5 ° ~ inhibition of sickling was found to be about 7 x io .8 M. This value lies within the range reported for isolated chloroplasts.
Observations on sickled cells in intact leaves
Counts made on many preparations of freshly isolated protoplasts confirmed our earlier observations made on fresh leaf sections, that the large vesicles occur more frequently in old infections and with strains of the virus that cause a marked loss of chlorophyll (Chalcroft & Matthews, I967) . We have re-examined the occurrence and distribution of cells with sickled chloroplasts by light microscope observation on fresh leaf sections mounted in 0"4 M-mannitol.
In inoculated leaves sampled 6 to 8 days after inoculation no sickled cells were seen. Thus, the absence of cells with sickled chloroplasts in protoplasts freshly isolated from such leaves cannot be due to a differential loss of such cells during isolation. These observations were made after a period of about 7 days of sunny weather giving Io to 6oooo lux in the glasshouse for about 8 h. Supplementary illumination gave 4ooo to 45oo lux for an additional Ioh. 
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Measurements in sunlight showed that an intact Chinese cabbage leaf absorbed 80 to 85 ~ of the incident illumination measured either with a lux meter or with the apparatus described under Methods. Thus the illumination received in one day by most of the cells in the inoculated leaves examined 6 to 8 days after inoculation would have been sufficient to cause sickling of chloroplasts had the cells been exposed as isolated protoplasts. We conclude, therefore, that there is some mechanism in the intact leaf which prevents or slows the sickling of chloroplasts.
Observations were also made on fresh sections from inoculated leaves sampled 15 to 2o days after inoculation. Twenty to 3o ~ of freshly isolated protoplasts from these leaves had sickled chloroplasts. In some sections sickling was almost entirely confined to the two uppermost layers of mesophyll cells. In many other sections, however, the distribution of sickled cells was variable, or none at all were observed. Sometimes scattered single cells, or clusters of cells, with sickled chloroplasts were seen in the central layers of the leaf while chloroplasts in cells in the upper and lower layers were in the usual diseased state. Thus some factor or factors in addition to the incident light intensity must influence the formation of sickled chloroplasts in the intact leaf.
DISCUSSION
The following observations strongly suggest that the formation of the large single vacuole that gives the sickled appearance to diseased chloroplasts is dependent on photosynthesis: (i) the vacuole is formed only in the light; (ii) red and blue light are equally effective; (iii) the lag period of about 4 h after protoplasts are placed in the light indicates that the lightinduced changes of shape and volume found in normal chloroplasts are not connected with the sickling process; (iv) sickling is partially suppressed by various sugars; (v) DCMU can completely suppress the sickling process. The concentration for 5o ~o suppression lies within the range found to inhibit electron transport by 5o ~ in isolated chloroplasts.
There is no doubt that the chloroplasts are intimately associated with the replication of TYMV and that this replication affects the processes of photosynthesis. Goffeau & Bov6 (I 965) found that in chloroplasts isolated from inoculated leaves, the Hill reaction and cyclic and non-cyclic photophosphorylation are increased compared with normal leaves, during the period of rapid virus synthesis. In young, systemically infected leaves the path of carbon newly fixed in photosynthesis is diverted away from sugars and sugar phosphates into organic acids and amino acids during the period of rapid virus multiplication (Bedbrook & Matthews, 1972) . TYMV synthesis in excised leaf discs was strongly inhibited by CMU (3-[p-chlorophenyl]-l,I-dimethylurea) at 2 × IO-~M (Goffeau & Bov6, 1965) . CMU is an inhibitor of the same group as DCMU.
The processes involved in TYMV replication must precondition the chloroplasts in some way not yet understood, so that they undergo a dramatic ultrastructural change when protoplasts are exposed to light. The exact step or steps in the photosynthetic process responsible for the structural change have not been established. In experiments not detailed here we found that removal of CO 2 from the air and incubation medium caused no reduction in the sickling of infected protoplasts when these were exposed to light. However, this cannot be interpreted to mean that CO2 fixation is unnecessary for sickling to occur. CO2 output from photorespiration, which may account for about 25 ~o of the gross photosynthetic uptake in air (Zelitch, I971), may provide sufficient COz fixation to allow sickling to occur.
Uncoupling agents and energy transfer inhibitors that block processes in mitochondria as well as in chloroplasts cannot be used to study the sickling process in protoplasts since these 446 R.E.F. MATTHEWS AND S. SARKAR are killed at the relevant concentrations of inhibitor, as we have found with gramidicin, for example. Our current work is aimed at developing a system in which sickling develops in isolated chloroplasts, so that further inhibitor studies can be undertaken in conjunction with a detailed ultrastructural examination of the membrane changes involved in the sickling process.
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